ABSTRACT: The intermediate disturbance hypothesis (IDH) predicts maximal diversity at intermediate levels of disturbance, but the validity of this hypothesis is controversially discussed. In this study, results of a field experiment, which was conducted on the northern-central Chilean coast, are presented. Fouling communities on artificial settlement substrata were studied. A total of 7 disturbance frequencies were applied to previously established communities, and a single disturbance event resulted in a removal of ~20% of the biomass. Species cover was estimated at the end of the experimental period, and it was found that diversity was strongly affected by disturbance frequency. With high disturbance frequencies the composition of the community was changed, with a decrease in the solitary ascidian Pyura chilensis (Molina 1782). The decrease of P. chilensis resulted in an increase of the colonial ascidian Diplosoma sp. A unimodal relationship between disturbance frequency and species richness was found, supporting the IDH. The results suggest that disturbance sustains diversity by reducing the abundance of the dominant species (e.g. P. chilensis), preventing competitive exclusion of the subordinate species, thus allowing subordinate species to re-emerge when competition is alleviated by disturbance. The results also suggest that these species show a trade-off between competitive and colonizing abilities, pointing to the existence of a competitive hierarchy. Therefore, the presence of competitive exclusion and disturbance-induced suppression of the dominant species remains a crucial mechanism, permitting species coexistence in the context of the IDH in the system studied.
INTRODUCTION
The intermediate disturbance hypothesis (IDH, Connell 1978) attempts to explain biological diversity and species coexistence by using a non-equilibrium model. It predicts that in the absence of disturbance, species diversity is depressed due to competitive exclusion of inferior competitors by one or a few dominant species. Likewise, species diversity is predicted to decline under harsh (very frequent or intense) disturbance regimes, because few species are able to survive or settle successfully. At intermediate levels of disturbance, maximal diversity is sustained via compensatory mortality. This concept assumes a disproportion-ately higher effect of disturbance on the abundance of superior rather than inferior competitors (Petraitis et al. 1989) . Following White & Pickett (1985) , a disturbance 'changes resources, substrate availability, or the physical environment'. In order to affect the community structure, a disturbance must change limiting resources. In hard-bottom communities, the limiting resource may often be settlement substratum (Connell 1961 , Buss 1979 , Buss & Jackson 1979 , Connolly & Muko 2003 .
Although previous studies have found peaks of diversity at intermediate disturbance levels (Lubchenco 1978 , Paine & Levin 1981 , Thorp & Cothran 1984 , Aronson & Precht 1995 , Flöder & Sommer 1999 , several other publications do not support the IDH (Mook 1981 , Death & Winterbourn 1995 , Mackey & Currie 2000 , McCabe & Gotelli 2000 , reviewed in Mackey & Currie 2001 . The IDH depends on a tradeoff between competitive and colonizing abilities, which is suggested to affect the immigration and extinction rates of a patch (Petraitis et al. 1989) . Such an assumption requires that a superior competitor has a low colonization rate (Tilman 1994 , Yu & Wilson 2001 . This could be applicable in systems where competition for space is important (e.g. marine hardbottom communities), but in contrast, it is not realistic in systems with highly mobile species, such as streamdwelling organisms (Lake et al. 1989 , McCabe & Gotelli 2000 , which can rapidly invade previously disturbed patches (Thorp & Cothran 1984) . However, several other factors must be taken into consideration when examining non-linear patterns in diversity. These include variations in the sampling intensity (Mackey & Currie 2000) and differences in productivity levels (Proulx & Mazumder 1998 , Kondoh 2001 . In highly productive systems, dominant species may grow very rapidly and therefore competitive exclusion may occur during early stages of succession.
Chilean nearshore waters are characterized by high biological productivity (Acuña et al. 1989 , Wieters et al. 2003 . These high productivity levels could be linked with high growth rates of competing species (Huston 1979) , and a high potential for competitive exclusion. Previous studies on consumer-food interactions have already indicated that dominant competitors suppress populations of subordinate organisms in these systems (Navarrete & Castilla 2003 , Nielsen & Navarrete 2004 . These features make the Chilean coast an ideal place to test the validity of the IDH in hard-bottom communities.
This study examined the effects of disturbance frequency on species diversity and assemblages in a hard-bottom marine community on the northerncentral coast of Chile. Diversity was surveyed while disturbance frequency was manipulated in a field experiment with artificial settlement substratum. The macrobenthic sessile community was primarily composed of suspension-feeders and primary producers. Thus, difficulties that could arise when testing the IDH in multi-trophic communities (Wootton 1998) were avoided. The survey examined if (1) there was a relationship between disturbance and species richness and evenness, and (2) this relationship was unimodal as predicted by the IDH. Based on our results, we aim to evaluate whether these patterns are caused by competitive exclusion and disturbance-induced suppression of the dominant species.
MATERIALS AND METHODS
Study site. The experiment was conducted in Bahía La Herradura, a sheltered bay of 3.3 km 2 , on the northern-central coast of Chile at Coquimbo (29°58' 30'' S, 71°22' 30'' W). Bahía La Herradura is a semi-enclosed bay affected by local upwelling areas. The main upwelling area is located at a distance of approximately 40 km southwest of the study area (Acuña et al. 1989) . The main subsurface source of upwelling off northern Chile is the subsurface equatorial water (Morales et al. 1996) , which is characterized as being relatively cold, oxygen-poor water, with a high nutrient content (Silva & Konow 1975) , leading to the high productivity of this coastal region (Acuña et al. 1989 , Daneri et al. 2000 , Takesue et al. 2004 .
The surface water temperature in Bahía La Herradura varies between 13°C in winter and 20°C in summer (Moraga & Olivares 1993) . Water depth at the study side was approximately 7 to 8 m, and the sediment below the experimental set-up consisted of coarse-grained sand. Large boulders covered with red and green macroalgae characterize shallow hardbottoms in the bay and bare rock substrata are also present. Buoys, piers, suspended culture systems, and other marine facilities provide habitat for dense assemblages of ascidians, especially the solitary ascidian Pyura chilensis.
Experimental design and set-up. The temporal dynamics of a field-grown macrobenthic sessile community were examined under experimentally manipulated disturbance regimes. Seven disturbance treatments were arranged in a randomized block design. To estimate variability within blocks, there was 1 extra replicate of 2 treatments in each of the 15 blocks (Underwood 1997) .
A total of 15 moorings were installed at the beginning of the experiment and each mooring positioned a ring of grey PVC (60 cm diameter, 25 cm high) approximately 1 m below the water surface. PVC panels of 15 × 15 cm were used as artificial settlement substrata.
Nine panels were fixed to the inner surface of each PVC ring with cable ties. The cable ties allowed reversible detachment of panels. The surface of each panel facing the center of the ring was roughened with sandpaper (grading No. 60).
The experiment was conducted between August 2003 and April 2004. During the first 13 wk (August to November, maturing phase), the panels were exposed to natural colonization without manipulation. At the end of this phase, the sessile macrobenthic community of 2 randomly chosen panels on each ring was sampled (14 to 15 November). This was done to obtain information about the species diversity in this early-successional community under natural disturbance conditions. Disturbance treatments were initiated after this survey. Treatments were allocated randomly to the panels of each ring in such a way that every treatment appeared at least once within each ring, with 1 extra replicate of 2 of the treatments. Subsequently, all panels were sampled 3 times, 21, 29, and 36 wk after the initiation of the experiment (7-9 January, 1-3 March, 24-25 April 2004).
Disturbance treatments. Disturbance was defined as an event that changes niche opportunities , i.e. removal of biomass to free up resources for other organisms (Grime 1977) . Disturbance frequency was manipulated at 7 levels, while spatial extension and intensity of individual disturbances were constant. For each disturbance manipulation, biomass was cleared in 2 non-overlapping circular patches of equal size. This resulted in a total loss of biomass from 20% of the community. The position of each patch was assigned randomly for each disturbance manipulation using a grid of 25 possible positions. This grid included the whole panel, and consequently, any of the 25 possible positions could have been disturbed more than once throughout the 6 mo experimental phase. Panels of different treatment levels were disturbed 0, 2, 3, 4, 5, 7, and 12 times throughout the experimental phase. Disturbance events were distributed homogeneously throughout the experiment and each panel contained a mosaic of patches of different ages. This counteracts the potentially confounding effects of disturbance frequency and time since last disturbance by the 'build up' of several disturbance events. Disturbance manipulations were scheduled every 2 wk. To conduct the manipulations, rings were lifted out of the water for a maximum of 20 min.
Sampling. Rings were brought to shore and the panels were cut loose for non-destructive sampling of the community on the panels. Care was taken that panels were constantly submerged and protected from direct sun exposure. The percentage cover of each species of the sessile macrobenthic (>1 mm) community, including epibionts, was estimated by the naked eye, on the inner 13 × 13 cm, in order to reduce effects of the margin. A regular grid was used to facilitate the estimation. Percentage cover of some smaller sessile organisms such as benthic diatoms were also recorded, but excluded from further analysis in order to avoid potential problems, which could be caused by comparisons of organisms from very different size spectra. Percentage cover was estimated at 5% intervals, and species covering less than 5% were recorded as 1% (i.e. present). Panels were also checked with a dissecting microscope (magnification 5 to 6.5×) to ensure that no species were missed in the sampling process. Due to the multilayered structure of the community, total cover could exceed 100%, but cover of single species had a maximum of 100%. Cross-comparisons between the estimates of both observers were conducted and no significant differences were found. During sampling events, the rings and attached ropes were cleaned of fouling organisms. The panels were then returned to the rings and re-submerged. Rings were removed from the water for a maximum of 2 h to reduce handling and exposure of the panels. After the final sampling (Week 36), the entire fouling community was scraped off the panels and dried in a drying stove at 60°C until the weight stabilized and the weight of dry biomass was recorded.
Data analysis. Statistical analysis was carried out on the data obtained after Week 36, and data from previous sampling dates are shown for comparative purposes only. Species richness, evenness, total percentage cover and dry mass were analyzed as dependent variables. Total percentage cover data were arcsine transformed for all statistical analysis. Two panels of different treatments were lost during the experimental phase, but given the large replication (n ≥ 18), no substitutes were created and the replicates of the remaining treatments were not reduced, consequently analyses were run unbalanced.
Two-way mixed model ANOVA (type III) was used to test for the effects of disturbance treatments (fixed factor) and rings (blocks; random factor) on the dependent variables. Due to the unbalanced design, Satterthwaite's approximations were utilized to calculate the F ratios (Satterthwaite 1946 , Zar 1999 ). Hochberg's GT2 was used as a post-hoc test as variances were homogenous. Data were modeled with regression analysis and linear and quadratic models were tested in sequential and independent regression analyses. These analyses were computed using orthogonal polynomials as part of the ANOVA table (Sokal & Rohlf 1995) . For the regressions, treatment groups were classified by the total number of disturbance events and used as independent variables. In this way, correct scaling of treatment groups was achieved.
Effects of treatment on species composition (i.e. percentage cover data for all species on all panels) were investigated with 1-way ANOSIM (a non-parametric procedure, which uses the difference between average ranked Bray-Curtis dissimilarity values among replicates, between samples and within samples, to calculate the R statistic). If R was significantly different from 0 at the 0.05 probability level, pair wise comparisons were used to identify which treatment levels differed. Subsequent SIMPER routine revealed the contribution of single species to these dissimilarities. ANOSIM and SIMPER analyses were performed using PRIMER 5 software package (Plymouth Marine Laboratory).
RESULTS

Species richness
Species richness declined towards the end of the experiment when compared to the start communities ( Fig. 1) . At Week 36, species richness was low compared to the start communities for control, low and high disturbance frequencies (Fig. 1) .
Disturbance treatments had a significant effect on species richness (ANOVA, p = 0.001, Table 1 ). Panels that were disturbed never (control) or twice over 6 mo hosted fewer species than panels that were intermediately disturbed (Hochberg's GT2 post-hoc test, Fig. 1 ). On panels that were most frequently disturbed, species richness declined compared to the intermediate disturbance frequency, but differences were not significant (Hochberg's GT2 post-hoc test, Fig. 1 ). Regression analysis showed significant quadratic, but not linear models (sequential regressions, p = 0.000 for quadratic; p = 0.086 for linear, Table 1), and therefore points to a unimodal relationship between disturbance frequency and species richness, which is skewed to the right.
Evenness
Evenness was significantly affected by disturbance frequency (ANOVA, p = 0.000, Table 2 ). Evenness was lower for panels disturbed 0 or twice throughout the experimental period than for panels disturbed under intermediate or high disturbance frequencies (Hochberg's GT2 post-hoc test, Fig. 2 ). Evenness slightly decreased from panels of the second highest towards panels of the highest disturbance frequency, but this trend was not significant (Hochberg's GT2 post-hoc test, Fig. 2 ). Regression analyses for both the linear and the quadratic model were significant (Sequential regression, p = 0.000 for linear; p = 0.007 for quadratic, Table 2 ). Therefore, the relationship between disturbance frequency and evenness can be seen as either positive or skewed unimodal.
Community composition
In total 30 macrobenthic species were identified (Table 3) . Red encrusting algae were also found covering up to 5% of the panel surface, but could not be identified (Table 3) . Most of the species were suspensionfeeders. In accordance with the results of ANOVA and regression analyses, community composition was different on panels of different disturbance frequencies, leading to significant dissimilarities between these treatment groups (ANOSIM, Global R = 0.224, p = 0.001). Pairwise comparisons between treatment groups revealed that each disturbance group differed from almost all other disturbance groups (ANOSIM pairwise comparisons, for each combination of group's p ≤ 0.05). Exceptions were the adjacent groups with most similar disturbance frequencies: control panels did not differ significantly from those disturbed twice. In the same way, panels that were disturbed 2 and 3 times, 3 and 4 times, 3 and 5 times and 4 and 5 times showed no significant differences between them. For each significant pair of groups the 2 most common species, the soli- Table 3 . List of species found on the panels. Note: panels were sampled and therefore species could only be recorded in Week 13, 21, 29, and 36 tary ascidian Pyura chilensis and the colonial ascidian Diplosoma sp. accounted for at least 50% of the variation (SIMPERanalysis). P. chilensis accounted for 38% of the dissimilarities between control and panels of the highest disturbance frequency.
Other species explained only minor parts of the inbetween group dissimilarities.
Total percentage cover and dry mass
Mean total percentage cover decreased significantly with increasing disturbance frequency from approximately 140 to 60%. (ANOVA, p = 0.000, Table 4 , Fig. 3 ). At the same time, bare space increased from < 3 to > 20%. For the highest disturbance frequencies the amount of bare space is smaller than could have been expected from total percentage cover data. This discrepancy arises because parts of the panels were covered by benthic diatoms or tube-building amphipods, which were not included in the analysis.
Abundance of Pyura chilensis was negatively related to disturbance frequency. Between controls and panels of the highest disturbance frequency, cover of P. chilensis declined by 75%. Diplosoma sp. increased from 17 to 22% cover between the same disturbance frequencies (Fig. 3) . Diplosoma sp. was therefore more common on panels with higher disturbance frequencies, whereas P. chilensis was more abundant on panels with low disturbance frequencies (Fig. 3) .
Mean dry mass declined significantly with increasing disturbance frequency from 110 to 25 g (ANOVA, p = 0.000, Table 4 , Fig. 4 ). The changes in total abundance and dry mass among treatment levels are a direct result of disturbance treatments and therefore confirm their effectiveness. Table 1 Fig . 3 . Effects of disturbance frequency on total percentage cover (mean + SD) and community composition. The percentage of bare space increased from 2.7 ± 7.0% in the absence of disturbance up to 23.3 ± 5.1% at the highest disturbance frequency. Characterization of treatment groups on the x-axis and superscript letter code as in Fig. 1 Fig . 4 . Effects of disturbance frequency on dry mass (g). Characterization of treatment groups on the x-axis and superscript letter code as in Fig. 1 
DISCUSSION
Diversity was strongly affected by disturbance treatments. Changes in community composition were mainly due to the decrease of the solitary ascidian Pyura chilensis. A decrease in coverage of P. chilensis resulted in an increase of the colonial ascidian Diplosoma sp. The results show a unimodal relationship between disturbance frequency and species richness, which was strongly skewed towards high disturbance frequencies. Reduced levels of diversity under low disturbance frequencies suggest that competitive exclusion was operating. Disturbance generates conditions in which subordinate species can re-emerge in abundance when competition is alleviated. The characteristics of the competing species suggest that a trade-off between the competitive and colonizing abilities of these species exists, pointing to a competitive hierarchy. These results contrast with the low experimental support of the IDH reported in a recent review (Mackey & Currie 2001) . This suggests that the IDH is only applicable in systems and/or conditions where competitive exclusion is evident and where disturbance events suppress dominant competitors.
Diversity increases from low and intermediate towards higher disturbance frequencies
Species richness and evenness increased with an increase in disturbance frequency up to 5 times over 6 mo. This suggests that at low disturbance frequencies the community was dominated by few species. Species richness on the control and low disturbance frequency panels at the end of the experiment was lower than in the start communities, pointing to the presence of competitive exclusion. Where disturbances seldom occur, competition among species is most important in determining community structure (Connell 1978 , Miller 1982 . In space-limited sessile macrobenthic communities, competition mainly consists in the ability to occupy space and hold it against invaders (Connell & Keough 1985) . Abundance of Pyura chilensis was high across almost all disturbance levels, but its dominance was strongest under low disturbance frequencies. Recruitment rates of P. chilensis are known to be low in comparison to other fouling organisms in the same bay, while individuals have a long life span and grow to a considerable size (Ambler & Cañete 1991) . Being competitively superior, P. chilensis excluded other species from the panels. However, single dominance did not occur due to the ability of several species such as, colonial ascidians, hydroids, and Ulva spp. growing on the surface of P. chilensis (A. Heidemann & N. Valdivia pers. obs.) , to use it as a secondary hard substratum.
Members of the genus Pyura offer complex habitats for diverse macrobenthic communities, acting as 'habitatengineers' (Sepúlveda et al. 2003 , Castilla et al. 2004 . When habitat-engineers are immune to disturbance and competition, their presence favours the reestablishment of other species after a disturbance event (Bertness & Leonard 1997 , Bruno et al. 2003 , allowing those species to survive in very harsh conditions. As a result, maximum diversity can be observed at high disturbance levels when habitat-engineers are present (Hacker & Gaines 1997) . In the present study, P. chilensis was affected by the disturbance, and consequently its potential to act as facilitator for the settlement of other organisms is limited.
Dominance of Pyura chilensis decreased with a further increase in disturbance frequency, because the abundance of this species was disproportionately affected by disturbance treatments. This was probably due to its low recruitment and, compared to colonial growth forms, lower growth rate. Additionally, recruitment of P. chilensis is strongly seasonal, ranging from September to February (Ambler & Cañete 1991) . Disturbance applications for almost all treatments extended beyond this recruitment period; therefore, no new settlement of P. chilensis could be expected following the last disturbance events (4 in the case of the highest disturbance frequency). P. chilensis represents the prototype of a strong competitor with relatively low colonizing abilities. Based on the above (seasonal recruitment and dominance of P. chilensis during the study period), it can be suggested that during other periods (i.e. during the austral winter) the community succession may have been different, since diminished recruitment of P. chilensis may have reduced its effect as the dominant competitor.
By opening space for colonization, the disturbance treatments alleviated competition. Species richness and evenness increased in areas of the panels that were disturbed. This indicates that settlement of previously disturbed patches was mostly by different species to those found on undisturbed panels. Some of these newly colonizing species were not present on the panels before, while others increased in relative abundance, leading to an increase in evenness. This suggests that patch dynamics on the panels were a combination of colonization via pelagic propagules and lateral growth of adjacent species.
Diversity declines towards the highest disturbance frequency
For disturbance frequencies > 5 times throughout the experimental period, the positive relationship between disturbance and species richness was reversed and mean species richness declined. This resulted in a unimodal relationship between disturbance frequency and species richness.
At the highest disturbance levels (i.e. > 5 times) bare space often constituted over 20% of the panel surface. Competition for space therefore could play only a minor role, if at all. Under such harsh conditions, the community structure is mostly determined by the species' ability to colonize within the short period between disturbances (Connell 1978) . Colonizing abilities of a species are expressed by high recruitment rates and fast growth. Colonial organisms, e.g. Diplosoma sp. in this study, are particularly likely to be good colonizers of small patches, as they can cover space by lateral growth faster than the dispersal stages of other species can settle and occupy the patch (Connell & Keough 1985) . Diplosoma sp. can vegetatively colonize approximately 40% of a previously disturbed non-isolated 25 cm 2 patch within 1 wk (A. Heidemann unpubl. data). Similarly, Turon & Becerro (1992) observed that the species Diplosoma spongiforme (Giard 1872) presents a rapid growth rate compared with other ascidian species. Thus, it is suggested that Diplosoma sp., the second most abundant species on our panels, is a strong colonizer. Diplosoma sp. was the only species to slightly increase in abundance with increasing disturbance frequency, finally exceeding P. chilensis in percentage cover at the highest treatment level.
The diversity peak, which according to the IDH is predicted to occur at intermediate disturbance frequencies, was shifted towards higher frequencies, raising the question about the definition of intermediacy. Shea et al. (2004) pointed out that the intermediate disturbance frequency has to be defined in accordance with the rates of competitive exclusion. These rates depend in part on the population growth rates of the competing species (Huston 1979) . Fouling communities at the study site, Bahía La Herradura, present high growth rates in comparison with other places of the Chilean coast (Viviani & DiSalvo 1980) . This characteristic of the system could offer an explanation to the disturbance-diversity relationship found in this study.
Important prerequisites for the applicability of the IDH
The results of the present study suggest that the alleviation of competition by disturbance allows the subordinate species to increase in abundance. At low disturbance frequencies, competitive exclusion seems to be responsible for the low diversity observed. The disturbance-induced suppression of the dominant species resulted in an increase of subordinate species. The characteristics of the principal competing species suggest that they differ in their competitive-colonizing abilities, supporting the idea that the trade-off between competitive abilities and colonizing abilities is required to observe a high species-coexistence under intermediate disturbance regimes (Petraitis et al. 1989 , Collins & Glenn 1997 ). Contrarily, Thorp & Cothran (1984) suggested that, in a balanced competitive network, intermediate levels of predation promote maximum diversity if predators switch among alternative prey, based on the their relative abundance. Although this hypothesis can be seen as an alternative to the dependence of the IDH on the trade-off between competitive and colonizing abilities, it has at present little experimental support.
Although recent theoretical studies explored the processes underlying the IDH (e.g. Roxburgh et al. 2004 ) empirical support for this hypothesis is still scarce (Mackey & Currie 2001) . In contrast to their conclusions, the results of the present study at Bahía La Herradura provide support for the IDH. We suggest that this is due to the fact that important prerequisites (existence of competitive exclusion and disturbanceinduced suppression of dominant competitors) for the validity of the IDH are fulfilled in the studied system. The concept of the IDH may not be suitable to explain the fluctuations of diversity in all systems and under all conditions, unless essential prerequisites are fulfilled. Recent empirical tests of the IDH support this conclusion. Lenz et al. (2004a,b) observed that in a situation where a species was dominant and suppressed by disturbance the unimodal disturbance-diversity relationship was evident, while in a situation where the same species only occurred in low numbers (due to low recruitment success) the IDH was not supported. Based on these arguments, we suggest that the IDH can only be used to explain the species coexistence in systems or conditions where competitively superior species are present, and these species are reduced in their abundance by disturbance. The fact that recent studies did not support the IDH as originally proposed by Connell (1978) , indicates that important prerequisites for the IDH are not fulfilled in all studied communities, reducing the general applicability of the IDH.
